Leaf fluorescence can be used to track plant development and stress, and is considered the most direct measurement of photosynthetic activity available from remote sensing techniques. Red and far-red sun-induced chlorophyll fluorescence (SIF) maps were generated from high spatial resolution images collected with the HyPlant airborne spectrometer over even-aged loblolly pine plantations in North Carolina (United States). Canopy fluorescence yield (i.e., the fluorescence flux normalized by the light absorbed) in the red and far-red peaks was computed. This quantifies the fluorescence emission efficiencies that are more directly linked to canopy function compared to SIF radiances. Fluorescence fluxes and yields were investigated in relation to tree age to infer new insights on the potential of those measurements in better describing ecosystem processes. The results showed that red fluorescence yield varies with stand age.
| INTRODUCTION
Leaf structure and physiology change in many woody species when they become sexually mature (e.g., Greenwood, 1995) . Compared with the knowledge of senescence processes in annuals and biennial plants, relatively little is known about age-related changes in woody perennials (Bond, 2000) . Old trees differ from younger trees, both physiologically and morphologically. In general, older trees have lower rates of photosynthesis, reduced growth rates (both height and diameter) and a distinctive hydraulic architecture (Meinzer, Lachenbruch, & Dawson, 2011; Ryan & Yoder, 1997) . Nutrition, carbon allocation (including respiration), meristematic activity and the tree's hydraulic properties all potentially change with tree age and in most cases result in a slower growth in older trees (Domec & Gartner, 2003) . Moreover, it is generally known that photosynthetic rates of seedlings are higher than in mature trees (Larcher, 1969) . Leaf photosynthesis and stand primary production have often been found to decline with increasing plant age and size, as a result of hydraulic or biochemical limitations (Drake, Davis, Raetz, & Delucia, 2011; Hubbard, Yoder, & Ryan, 1999; Ryan, Phillips, & Bond, 2006; Yoder, Ryan, Waring, Schoettle, & Kaufmann, 1994) . Determining why growth is reduced in aging forest stands is a compelling need: the growth patterns are pronounced and predictable but the underlying mechanisms remain unclear (Gower, McMurtrie, & Murty, 1996; Ryan, Binkley, & Fownes, 1996) . Even though some work has been done at the leaf level (de Beeck et al., 2010; Linkosalo, Heikkinen, Pulkkinen, & M€ akip€ a€ a, 2014; Reinhardt, Johnson, & Smith, 2009; Shirke, 2001) , the response of sun-induced chlorophyll fluorescence (SIF) to these age-related processes has not been investigated previously. SIF is closely related to actual photosynthetic rates and basically to the functional process linked to the amount of energy (in form of transported electrons) that is provided from photosynthetic light reactions (Porcar-Castell et al., 2014) .
Remote sensing of SIF is a research field of growing interest with the potential to provide an improved tool for monitoring plant status and photosynthetic function from above. In this framework, the new satellite mission of the European Space Agency, the FLuorescence EXplorer (FLEX; Drusch et al., 2017) , is expected to map canopy fluorescence from space at global level, with 300 m spatial resolution, which will be used to derive the photosynthetic activity of natural and managed ecosystems. Fluorescence is considered the most direct proxy of actual photosynthetic activity available from remote sensing techniques and as such it has been used extensively to track plant status at leaf and canopy level (Ac et al., 2015; Cheng et al., 2013; Damm et al., 2010; Daumard et al., 2010; Goulas et al., 2017; Joiner et al., 2014; Koffi, Rayner, Norton, Frankenberg, & Scholze, 2015; Meroni & Colombo, 2006; Meroni et al., 2008; Middleton, Huemmrich, Cheng, & Margolis, 2012; Moya et al., 2004; Rascher et al., 2009; Rossini et al., 2010 Rossini et al., , 2015 Zarco-Tejada, Gonz alez-Dugo, & Berni, 2012; Zarco-Tejada, Gonz alez-Dugo, & Fereres, 2016; Zhang et al., 2014) .
The intensity of the fluorescence signal at canopy level depends on the photosynthetic rates, biophysical, biochemical and structural characteristics of the canopy, incoming radiation and background contributions (Cerovic et al., 1996; Damm, Guanter, Paul-Limoges et al., 2015; Damm, Guanter, Verhoef et al., 2015; Daumard et al., 2010; Fournier et al., 2012; Hoge, Swift, & Yungel, 1983; Moya, Daumard, Moise, Ounis, & Goulas, 2006; Olioso, M ethy, & Lacaze, 1992; Rossini et al., 2016; Van Wittenberghe et al., 2013; Verrelst et al., 2015) . These parameters are highly variable in space and time and they should all be considered to correctly interpret the fluorescence signal. In fact, plants with different photosynthetic rates, chlorophyll content, and/or canopy structure, and exposed to various irradiance regimes can potentially emit the same amount of fluorescence. The effects of variable incoming illumination can be corrected by computing the apparent fluorescence yield (i.e., the ratio of the emitted fluorescence flux to the total incoming photosynthetically active radiation (PAR), which is in fact the parameter most commonly exploited for spatial and temporal comparison of fluorescence satellite derived products collected in different light illumination conditions (i.e., different solar zenith angles, e.g., Guanter et al., 2014) .
However, to move toward the use of SIF for net photosynthesis and plant functioning characterization in a heterogeneous landscape, it is also necessary to account for vegetation structural/biochemical variations. This can be accomplished by exploiting the true canopy fluorescence yield (e f ; i.e., the ratio of the emitted fluorescence flux to the absorbed photosynthetically active radiation, APAR), which is a physically based index of efficiency that accurately describes the effects of the absorbed radiation on the SIF signal. The usefulness of fluorescence or the apparent fluorescence yield to track the effects of environmental stressors on plant functioning has been demonstrated in numerous investigations (e.g., Guanter et al., 2014; Meroni et al., 2008) , while the performances of the true fluorescence yield computed at airborne or satellite level has been investigated in only two studies (Sun et al., 2015; Wieneke et al., 2016) . This is mainly due to the difficulty in accurately estimating APAR, which is challenging.
Current and future satellite missions will provide global datasets of fluorescence at a range of coarse spatial resolutions (e.g., 300 m COLOMBO ET AL.
| 2981 to 0.5°), resulting in intrapixel mixture effects, which will be an unavoidable confounding factor for fluorescence signal interpretation. In this context, there is a need of having simplified fluorescence indices for small-scale applications over large regions, which can take into account the spatial variability of canopy structure. Therefore, a new approach is needed to compensate for structural effects on SIF measurements, including the use of radiative transfer model inversion (Hern andez-Clemente, North, Hornero, & Zarco-Tejada, 2017; Zhao et al., 2016) , spectrally invariant correction factors (e.g., the directional area scattering factor, Knyazikhin et al., 2012) , or empirical normalization techniques .
In this paper, red and far-red SIF maps were generated from high spatial resolution images (1 m) collected with the HyPlant airborne sensor over a range of even-aged stands in loblolly pine forest plantations in North Carolina (United States). The true canopy fluorescence yields for both red and far-red SIF were then computed and investigated with the main aim to understand if fluorescence varies across stands of different ages, according structural and physiological parameters. In this context, we hypothesized that hydraulic limitation in older pines could reflect in a lower fluorescence emission compared to the younger trees, due to the reduced rates of photosynthesis. We were also interested in evaluating the effect of pixel size and the mixture effects on the relationships between fluorescence and stand age. This study can be considered a first attempt in interpreting the fluorescence variability in aging forest stands and it may open new perspectives in understanding long-term forest dynamics from remote sensing of SIF.
| DATA AND METHODS

| Study area
This study was performed at the Parker Tract forest in the lower coastal plain near Plymouth, North Carolina, United States, in the context of the joint 2013 ESA/NASA FLEX airborne campaign (Middleton et al., 2017) . The forest is a 4,400 ha managed plantation that contains various loblolly pine (Pinus taeda L.) stands of different ages.
Parker Tract is a pine forest where stand density is reduced under a prescribed thinning regime as age increases to maximize timber production. According to the Parker Tract forest management plan, pine stand age within the study area ranged from 3 to 46 years old, when the forests have reached high commercial potential and are being harvested. Therefore, we are dealing with juvenile and mature stages.
The topography is flat and the climate is maritime temperate zone with a mean annual precipitation of 1320 mm and mean annual temperature of 15.5°C. The Parker Tract forest belongs to the Long-Term Ecological Research Sites and further details on the site are reported in different studies (Domec, Lachenbruch, Pruyn, & Spicer, 2012; Domec, Sun et al., 2012; Noormets et al., 2010) . Figure 1 shows the location of the study area and the investigated loblolly pine stands (with their plantation age) overlapped to the HyPlant mosaic of airborne images collected over the investigated forest.
The tree age classes reported in Figure 1 correspond to years since planting at the time of data acquisition. In particular, tree ages correspond to the time when the sites were graded and planted with 2-year-old seedlings, and thus can be considered a chronosequence.
Since no direct dendrochronological and only few physiological measurements were available for comparison between forest data and fluorescence estimates, to better interpret our findings we also (Domec et al., 2015; Novick et al., 2009; Oren et al., 2006) .
| Field campaign and leaf-level measurements
During the field survey in September and October 2013, forest stand characteristics including average tree height, crown width, crown depth, and tree diameter at breast height (1.3 m) were measured within one-tenth of an acre (0.4 ha) plots and averaging measurements from two to three plots per stand, at both Parker Tract of the upper canopy from three pine trees in a stand, using a cherry picker or a rifle. The branch samples were placed in a bag with wet paper towel, on ice, in a dark cooler and taken to a nearby field laboratory for analysis. Leaf fresh and dry weights were measured on 10 needle fascicles from a sample, using three samples per tree. For pigment determination, needle samples were ground and placed in polystyrene cuvettes containing 4 ml dimethyl sulfoxide (DMSO) and frozen for extraction before the measurements. A spectrophotometer was used to determine chlorophyll a, chlorophyll b, total chlorophyll (Cab, mg/cm 2 ), and carotenoids based on established equations (Chapelle & Kim, 1992) .
Leaf reflectance and transmittance spectra were also measured on needles collected from 25 trees (1-2 trees per stand at Parker Tract), at the end of the growing season, when the needles were fully developed. Hemispherical reflectance and transmittance were measured using an ASD spectrometer (FieldSpec 3, Analytical Spectral Devices, Inc., Bolder Co.) equipped with an external integrating sphere (LI-1800, Li-Cor, Lincoln, NE, USA) and then used to determine fraction of APAR (fAPAR) at leaf level.
Stomatal conductance (g s ) and net photosynthesis (P net ) measurements at the Parker Tract forest were performed in 2013 on May 17, and September 30 for the mature pine trees (23 years old trees) and on June 2 and October 1 for the young trees (7 years old trees). Meteorological conditions were stable during those weeks and were characterized by clear and warm days. Stomatal conductance and photosynthesis were measured with a LI-6400 gas exchange system (LI-COR, Lincoln, NE, USA). Measurements of g s were performed on six randomly selected individuals within each age class every 2 hr beginning at 06:00 hr solar time and ending at approximately 15:00 hr solar time. Measurements of g s were conducted on current-year detached fascicles taken from the same shoot simultaneously, and were performed on fully sun exposed south-facing shoots. For the mature trees, shoots from the upper canopy were shot down with a rifle. Needles were not detached for more than 5 min before the measurements were initiated. Previous studies on the same tree species have shown that there were no differences between excised and attached needle gas exchange when measurements were restricted to <15 min after excision (Drake, Raetz, Davis, & Delucia, 2010; Maier, Johnsen, Butnor, Kress, & Anderson, 2002 Rundel & Yoder, 1998) . Along with the gas exchange measurements, leaf water potential (Ψ leaf ) were measured at predawn and at midday (11:00 hr-12:00 hr solar time) using a pressure chamber (PMS Ins., Albany, OR, USA). For the midday measurements, Ψ leaf , g s , and P net were conducted on detached fascicles taken from the same shoot.
| Airborne acquisition and preprocessing
On October 
| 2983
CaliGeo toolbox (SPECIM, Finland) . In addition to reflectance and fluorescence, spectral vegetation indices were generated using the Hyplant data. An example of radiance measurements from a loblolly pine acquired with the FLUO module is shown in Figure 2 .
A canopy tree height map was obtained from the LiDAR data.
Classification of G-LiHT LiDAR ground returns was performed with a progressive morphological filter with Delaunay triangulation to generate a Triangulated Irregular Network (TIN) of ground hits, and the TIN was then used to linearly interpolate the Digital Terrain Model on a 1 m raster grid. Additionally, the TIN was used to interpolate the base elevation of every nonground return, and vegetation heights were computed by difference. The Canopy Height Model (CHM) was created by selecting the greatest return height in every 1 m grid cell. Tree height, defined as the maximum height of each tree, was derived from the CHM by finding the local maximum in a moving window of 3 9 3 pixels (3 9 3 m). Local maxima lower than the 1st quartile of the CHM in the stand were not considered representative of a tree, thus they were neglected. The average tree height for each stand was computed as the average of all tree heights (i.e., the local maxima) within each stand.
| Retrieval of sun-induced fluorescence
Among different approaches available for the retrieval of SIF (e.g., Cogliati et al., 2015) , the Singular Vector Decomposition (SVD; Guanter et al., 2012 Guanter et al., , 2013 was selected for this study based on successful results with Hyplant data in other studies (e.g., Rossini et al., 2015) .
This data-driven approach relies on two key assumptions: (i) a given radiance spectrum can be modeled as the linear combination of a reflected surface radiance plus a SIF emission propagated to at-sensor level, and (ii) the reflected surface radiance can be formulated as a linear combination of orthogonal spectral vectors. The SVD is comparable to a principal component analysis and reduces the dimensionality of a large set of correlated variables (e.g., training radiance spectra that are free of SIF emissions) by transforming it into a small set of uncorrelated variables (singular vectors).
The definition of a forward model (F) to describe a measured radiance signal including SIF emissions at sensor level comprises several spectral functions (singular vectors) representing the signal intensity due to surface albedo, illumination angle, atmospheric absorption and scattering effects, spectral slope as a function of surface reflectance, and sensor effects (spectral shifts, band broaden-
) is considered as an additive component to complement the forward model as:
where x i corresponds to the weight of a particular singular vector v i .
Typically, 4-5 singular vectors are used to model the at-sensor radiance signal, considering an empirical threshold of 0.05% as minimum information content of a singular vector.
Few adjustments were applied to improve the inversion results, such as removing the strongest absorption features since the forward model does not include any physical formulation of atmospheric absorption or scattering effects, nor the normalization of input radiances and radiances used to obtain the singular vectors based on their spectral slope.
The inversion of F was done by means of standard least squares fitting using a retrieval error covariance S e that is given as:
where d m is the measurement error approximated as standard deviation of a subset of used reference radiance signals and J is the matrix containing the singular vectors and J T is its transpose.
The SVD algorithm was applied to the HyPlant FLUO data to produce maps for the canopy red SIF radiances at 690 nm and far-red SIF 740 nm radiances at the full native HyPlant spatial resolution (1 m).
| Retrieval of absorbed photosynthetic active radiation
The APAR maps were computed as the product of fAPAR and the incoming PAR values. fAPAR can be derived from remote sensing, exploiting either physically based or empirical strategies using spec- 
| Computation of true fluorescence yields of loblolly pine
The SIF flux can be modeled as the product of PAR, fAPAR, and e f .
The last term is the amount of absorbed radiation emitted as fluorescence, and is referred to here as canopy-level "true fluorescence yield" (e.g., Lee et al., 2013) :
The fluorescence flux is dependent on wavelength (k) and time (t) at which the flux is emitted. For full emission spectra, the entire wavelength range from 650 nm to 800 nm should be considered.
Canopy-level true fluorescence yield is related to leaf-level fluorescence yield, neglecting a second-order term accounting for the reabsorption of the red fluorescence within the canopy and the canopy anisotropy, at both red and far-red wavelengths (Damm, Guanter, Paul-Limoges et al., 2015; Guanter et al., 2014) .
In this study, the computation of the SIF yields at full (1 m) spatial resolution was conducted selecting only the loblolly SIF radiance in each stand. A supervised classification scheme based on the HyPlant DUAL reflectance images was therefore implemented to identify loblolly pine (mainly sunlit pixels). Two hundred training pixels were randomly selected and visually assigned to one of the four spectrally distinguishable classes (i.e., loblolly pine, shadow, bare soil, 
| Spatial aggregation and definition of the Canopy Cover Fluorescence Index
In the analysis at full resolution, the scheme used in this study was shadows and bare soils were the most common classes in older and younger stands, respectively. In these forests, when data are aggregated to even 10 m spatial resolution, these components become mixed and it becomes difficult to find and isolate loblolly components.
To evaluate if the relationships between SIF and age-related processes are affected by pixel size (surface heterogeneity), a simple spatial aggregation analysis was carried out by resampling the data at different spatial resolutions (i.e., pixel sizes of 10 9 10, 30 9 30, 60 9 60, and 84 9 84 pixels). We can reasonably assume that the fluorescence value of a gen- 
The SIF 690 oc term in the study area is mainly a combination of senescent vegetation, bare soil, and shadows, and we can reasonably consider that such fluorescence flux is almost null or negligible. The fluorescence flux of the loblolly component can be therefore directly derived by the knowledge of the aggregated SIF value and its fractional cover. Using this scheme, we can introduce the Canopy Cover Fluorescence Index (CCFI) that makes use of the loblolly cover fraction within the pixel rather than the typically used fAPAR as the basis for normalizing the SIF fluxes:
This index is considered here to be independent from the spatial variability of land cover proportions within each pixel. In other words, for a single vegetation class discontinuously covering the soil surface, the CCFI approximates e 690 lob , allowing comparisons of fluorescence across spatial scales without bias due to the different amounts of vegetation coverage in each pixel.
| Statistical analysis
The previously described fluorescence metrics were investigated across stands of different ages with data aggregated to different spatial resolutions, by using regression models. Statistical analysis and coding was performed in Matlab R2016a (MathWorks, USA) and COLOMBO ET AL. 
| Reflectance measurements and fAPAR maps
Reflectance and transmittance measurements of loblolly pine needles allowed the computation of the average leaf fAPAR (Figure 4) . The proportion of reflected PAR was approximately 8% and the transmitted PAR was~3%, while the remaining fraction of the total incoming PAR was absorbed (fAPAR = 0.89 or 89%; standard deviation = 0.021). Since at individual leaf level, only The strong correlation between the two estimates of fAPAR (R 2 = .67 RMSE = 0.05, p < .001), using the methods previously presented, increases the confidence in our results.
3.3 | Structural, biophysical, biochemical parameters, and leaf gas exchanges Figure 5 shows the relationship between tree age and height for the full dataset including stands from both Parker Tract and Duke Forest modeled using the Gompertz equation (Zeide, 1993) . (Figure 7a ). Overall, we tested different models and we found that the exponential model described the data best, producing the highest coefficient of determination.
Loblolly APAR shows instead a subtle change with age ( Figure 8) , with younger stands that absorb less PAR radiation than older canopies.
Although there is a link between APAR and SIF, the latter typically shows an additional response to plant physiology and quickly varies with changing photosynthetic activity even before any variation in the pigment pool occurs (e.g., Rossini et al., 2015) . Hence, the relationship between SIF and APAR is not univocal, and they provide complementary information on different aspects of the photosynthetic process.
The relationships between the true red SIF yield and tree age is shown in Figure 9 . The nonlinear decrease in e 690 lob with age is more pronounced and clearer than for SIF, while there is still no relationship for the far-red SIF yield. True SIF yield performed better than apparent SIF yield which was less related to stand age, with results similar to that found for SIF radiance (R 2 = .41, data not shown).
Overall, young stands exhibiting red SIF yield up to 90% higher than older trees (e.g., 3.8 vs. 2.2 sr À1 nm À1 ).
| Impact of spatial aggregation on SIF-tree age relationships and performances of the Canopy Cover Fluorescence Index
The relationships between spatially aggregated (84 m 9 84 m) red SIF radiances and true red SIF yield vs. stand age are shown in we also tested the relationship between loblolly fractional cover and tree age and we did not find any statistically significant result, although a relevant variability of fractional cover across the different stands (Figure 11b ).
F I G U R E 7
Mean SIF radiance values (at 690 nm and 740 nm) for the loblolly component, extracted as the average value of the loblolly class in each ROI, and plotted vs. tree age. The far-red SIF radiance is relatively constant so that the SIF vs. tree age relationship is not statistically significant [Colour figure can be viewed at wileyonlinelibrary.com]
To properly interpret SIF in mixed pixel situations, typical of satellite remote sensing, the spatial variability of vegetation fractional cover has to be taken into account. The relationship between Canopy Cover Fluorescence Index and tree age obtained with aggregated pixel data (84 m 9 84 m) is shown in Figure 12 .
Clearly, CCFI is not the same physical quantity as the fluorescence yield, since it is not normalized by APAR. However, it can provide a surrogate of e 690 lob with potential to account for subpixel heterogeneity in coarse spatial resolution data. The relationship shown in Figure 12 , closely resembles those for the loblolly red SIF (Figure 7a A growing body of evidence demonstrates the relationship between fluorescence yields and photosynthetic rates and it is well known that fluorescence can be used to monitor plant stress at leaf and canopy levels (e.g., Ac et al., 2015; Meroni et al., 2009 ). However, the characteristics of sun-induced canopy fluorescence emissions of forest stands of different age have never been investigated. At treescale, with HyPlant data at full spatial resolution, our results clearly indicate that in loblolly pine: (i) red fluorescence and red fluorescence yield change with stand age; measured levels of red SIF were larger in younger trees compared to older ones (up to 60% more SIF 690 lob ) and the decline of e 690 lob with stand age (Figure 9a ) is more pronounced than that for red SIF (Figure 7a (Figures 7b and 9b) . Overall, the decline of the true red SIF yield with stand age is more informative than for the apparent red SIF yield (the R 2 value for e 690 lob is about 87% higher than that for the apparent) and more evident than that found for red SIF radiance itself. The use of the true SIF yield is therefore suitable for suppressing, or mitigating, structural variability and canopy pigment absorption and overall, for No statistically significant relationship was found between LAI, chlorophyll content, and carbon and nitrogen concentration with tree height and age (Table 1 and Figure 6 ), so that we can reasonably hypothesize that the decline of the red SIF yield with age is not primarily driven by biophysical or biochemical parameters. Consequently, within canopy reabsorption of red SIF radiances should not have a main role in red SIF yield decline related to tree age. The decline of red fluorescence may therefore most likely relate to the underlying physiological processes that downregulate the photosynthetic activity of the plants during their life cycle. Leaf stomatal conductance measurements and net photosynthesis performed at Parker Tract in September clearly show significant reduction with stand age sensitive to soil drying, and that the decline in soil water content had a larger effect on P net in old trees than in young trees. Since these measurements only refer to two stands of young and mature trees, to better interpret our findings we also exploited the results observed in the loblolly pine forest at Duke Forest, which exhibits similar Site Index ( Figure 5 ) and has been used for relevant investigations in this context (Domec, Lachenbruch et al., 2012; Domec, Noormets et al., 2012; Drake et al., 2010 Drake et al., , 2011 Noormets et al., 2010) . Drake et al. (2010 Drake et al. ( , 2011 showed that light-saturated photosynthetic CO 2 uptake, the concentration of CO 2 within needle airspaces and stomatal conductance to H 2 O declined with tree age due to an increasing water limitation of the plants, while stomatal limitation to net photosynthesis increased, supporting the hydraulic limitation hypothesis as revised by Ryan, Binkley, Fownes, Giardina, and Senock (2004) and Ryan et al. (2006) . We exploited the stomatal limitation model developed by Drake et al. (2010) and compared it with the observed decline in true red SIF yield, depicting two opposite trends ( Figure 13 ). It is thus plausible to hypothesize that the decline of red SIF yield is a primary consequence of the reduced carbon and water availability induced by the water limitation processes in aging loblolly trees. In other words, the reduced water availability triggers stomata to close, which reduces leaf-internal CO 2 concentrations in the leaf tissue and limits the ability of the carbon fixing enzyme RuBisCO to fix CO 2 . This in turn may cause a tailback into the electron transport and finally this is seen in a variation of SIF (Ac et al., 2015; Damm et al., 2010; Flexas et al., 2002; Rascher et al., 2004; Zarco-Tejada et al., 2016) . We can also reasonably assume that the decline in red fluorescence is associated with an enhanced nonphotochemical quenching in older compared to younger trees, as observed in recent studies (Gamon & Bond, 2013) . Moreover, the observed drop in red SIF yield occurs around age 10-15, which for loblolly corresponds to the physiological age of demarcation between juvenile and mature wood (Tasissa & Burkhart, 1998) . Domec, Lachenbruch et al. (2012) and Domec, Noormets et al. (2012) showed that cambial activity is closely related to stomatal conductance, thus further enforcing the link between the observed SIF decline and the increasing water limitation during the physiological maturation process of loblolly pine.
However, the drop we observed in fluorescence yield is steeper variability. Even though our analysis has been conducted using pure loblolly pixel only, hence minimizing the effect of canopy closure and mutual shading, the description of the radiative transfer in partly or fully shaded pixels, such as the complex stands in Parker Tract, is challenging and therefore we are aware that other functional and structural factors may partially contribute and explain our findings.
Changes in leaf structure, needle length, shoot shape (clumping), and wax deposits on leaf surfaces with aging may in fact alter absorption/ scattering of red fluorescence, enhancing the observed decrease with age. Therefore, we cannot completely discard a residual influence of canopy structure, a generic scattering effect with aging or changes in specific leaf area before and after canopy closure, which is reached at stand age of approximately 10 years. In addition, the complex canopy structure of the older pine trees not only subtly increases the APAR but may also produce stronger reabsorption of the red fluorescence within the canopy and therefore reduce the measured top-of-canopy fluorescence. In this study we have addressed the change in SIF properties from juvenile to mature stands, however future research, considering the natural lifespan of the loblolly trees of 100+ years of age (Burns & Honkala, 1990) , is needed to confirm our findings.
Moreover, accurate determination of true SIF yield should require an estimation of PAR absorbed by green leaves (e.g., Gitelson & Gamon, 2015; Zhang et al., 2016) and this could be another key point that should be considered for future investigations.
Although a statistically significant decreasing trend is clearly recognizable in the true red SIF yield values as plants become older, no significant relationship with tree age was found with the far-red SIF radiance or yield (Figures 7b and 9b) . The fact that red fluorescence, rather than far-red, seems more sensitive to describe these physiological processes can be considered in line with the recent study of Verrelst et al. (2016) , which found the red fluorescence as the most sensitive to the canopy net photosynthesis. Unfortunately, only a few recent studies (Cheng et al., 2013; Goulas et al., 2017 bon, nitrogen and water (e.g., BIOME-BGC, Running & Gower, 1991) in future research may help in better describing and understanding the role of fluorescence in age-related processes.
| The need to use normalized SIF metrics at coarse resolution scale
Although new progress has been made in the methodological and technical aspects of fluorescence signal retrieval from space, as shown in recently published global maps (e.g., Joiner et al., 2016) , there are definite limitations for SIF interpretation based on large satellite pixels (e.g., GOME-2, 40 9 80 km; GOSAT, 10 9 10 km), which are inevitably comprised of mixed components. Although several orbital missions acquire far-red SIF at better spatial resolutions (e.g., OCO-2, 2 9 2 km; and the upcoming ESA TROPOMI/Sentinel-5P, 7 9 7 km), the possibility to acquire red SIF is not yet available from space at these resolutions. Some of these disadvantages will be mitigated with the advent of the FLEX mission, which will provide complete fluorescence emission spectra globally, including red SIF, at an ecologically relevant spatial scale of 0.3 9 0.3 km, thus reducing the mixture problems currently encountered. The intrapixel mixture effect is a confounding factor for SIF signal interpretation and it should be mitigated wherever possible. Only after understanding the impact of spatial scale on the SIF signal, it will be possible to properly exploit the use of fluorescence for plant status or for biomass applications in heterogeneous landscapes.
For coarse spatial resolution remote sensing observations, the computation and interpretation of the true fluorescence yield (as presented in Equations 4 and 5) is challenging, due to the challenge in characterization of SIF and APAR for pure target vegetation components. Our results indicate that the mixing of components at coarse spatial resolutions can be considered a "contamination" that hinders the analyses and obscures the relationships between fluorescence and tree age, so that they are no longer clearly detectable in F I G U R E 1 3 Modeled function of the stomatal limitation in the loblolly chronosequence at Duke Forest using the functional forms derived by Drake et al. (2010) and modeled true red SIF yield of the loblolly pine trees at Parker Tract obtained by the function presented in Figure 9a the aggregated (coarse) pixels. Results from analysis with spatially aggregated data at stand-scale revealed that the relationships between red SIF radiances and yields (Figure 10a ,b) were substantially weakened by spatial averaging. In fact, the statistical success in describing the relationship for red SIF yield was reduced by almost 60% (R 2 = .65 ?.27, Figures 9a and 10b ) and for red SIF radiances by~50% (R 2 = .45 ?.24, Figures 7a and 10a) , and the aggregated trends appeared more linear, solely due to spatial aggregation from 1 m to 84 m. To mitigate the impact of surface heterogeneity, we propose the CCFI, which was able to produce acceptable results across a range of spatial resolutions (Figure 12 ). In the use of the CCFI, the fc lob normalization may be closely related to the fraction of intercepted PAR (Pickett-Heaps et al., 2014) , while less related to the amount of canopy pigments and stand darkness. Thus, CCFI, by exploiting fractional cover, seems able to minimize the effects of canopy structure, enhancing differences in the fluorescence yield of young and old loblolly pine trees.
The vegetation fractional cover is a key vegetation parameter that has already been successfully produced using different remote sensing techniques, by exploiting optical or LiDAR imagery, from several current and past airborne or satellite data operating at different spatial and temporal resolutions (e.g., Baret et al., 2007; Busetto, Meroni, & Colombo, 2008; Carlson & Ripley, 1997; Chen & Cihlar, 1996; Gutman & Ignatov, 1998; Jim enez-Muñoz et al., 2005; Latifovic & Olthof, 2004; North, 2002; Olthof & Fraser, 2007; Verhoef & Bach, 2007) . In the context of the FLEX mission, vegetation fractional cover could be dynamically derived at higher spatial resolution from Landsat or Sentinel-2 like missions and then incorporated into the FLEX processing chain to compute the CCFI. The vegetation fractional cover can be more easily estimated than APAR from classification techniques and land use/cover maps. The real benefit in using fractional cover rather than APAR as a normalization tool is that it is more independent of illumination conditions and more stable in time. Thus, it is not mandatory to measure or compute it simultaneously with fluorescence, although it is necessary for APAR, an instantaneous quantity highly dependent on time of acquisition, as fluorescence is. For the satellite perspective, the cosine of the zenith angle normalization can be added to CCFI to take into account the effects of temporal variability of incoming PAR.
The computation of CCFI is quite straightforward since it only requires, in addition to SIF radiances, the knowledge of the fractional vegetation cover in each pixel. However, this normalization cannot be considered as a replacement of the true SIF yield, but rather a complementary index that can be used under specific assumptions.
CCFI is not applicable in a general framework at canopy level with airborne or satellite measurements, but only in some conditions, Franco Miglietta (CNR, Ibimet, Firenze, Italy) for their valuable input.
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